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The purpose of this thesis was to examine guidance an! control
-lef cienc-4es in a bank to turn (3TT) cruise missile wihlim-
fred roll authority in the terminal homing phase of its mnission.
Asix dereo' freedoIm simulation of a typical 137- missile

was transi1-,t,- 1 into ?<RPTA' !I from the Cont Inuous Sstern
oe 11 *ngj FPrnr) rm (--'*'!P) simulation lang-uagje and' rLin or t'o
1MSystem 37C cot-nputer. -ests wore condlu,-cd wit h thne revised
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simulation procram to examine the effects of electronic
countermeasures (E24) blinking and glint upon the missile's 1

.c.tro system an accuracy acainst a simulated medi sze
combatant vessel traveling at 20 knots cerpendicular to the
missile's track over the earth. In addition to the standard
attack profile involving a popout attack, several other attack
profiles ,;ere tested -ncluiing s-kid-to-t'urn 'STT C ntrol
la,.,s and ballstic t:-rjezrory. Miss :iistances
3. feet wi;thout 7CM or ;i-nt to 5 fee: , :h EC. o-:erat n .
Susceptib:IiZy of the missile to -,-, b'in-inc "arlei wit: the
blinking frequency. The largest miss distances occurred with
ECM frequencies below 0.2 Hz and near 6.0 Hz. Analysis of the
data showed that errors at the low frequencies were primarily
caused by the bank command loop of the autopilot. Those at the
higher frequency were due to the roll rate command loop.
Variation of the geometry of the missile's flight profile
had no significant impact upon missile accuracy except that,
without a popup maneuver, the roll rate channel demonstrated
a marked decrease in effectiveness. Variation of the autopilot
gain in the roll rate control loop changed the frecuency at
which degradation occurred but actually increased :ts effects.
Skid to turn control laws were tested however the miss'le
was unable to produce the necessary sideforce needed to track
a passie target and produced undesireable coupling in the
flight controls. An attempt to use the altitude command channel
to fly a ballistic profile was unsuccessful due to instabilities
created in the control system. It is recommended that a popup
maneuver be included in the terminal guidance of a BTT cruise
missile and that further tests be conducted to determine the
extent to which autopilot midifications and gain adjustments
can decrease the effectiveness of an ECM blinker against a
BTT missile.
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ABSTEACT

-.e purpost: of this thesIS was to examine uid .1d a.-
contrcl de ficiencies 4n - ba:k to turn (32T) ciise "issz

with limited roll authority in tne terminal homing pnaFse of

its mission. A six degree of freelom simulation cf a

t:pical r- 7 missile was translated into RTCEAN H from the

Continuous System Mcdelling Program (CS!I?) sim.ulaticn

ldnjuage anI run on the T31I System 37) computer. Cests were

conlucteu with the revisei simulation program to examine the

cffects cf electronic countermeasures (ECM) blinking and

gl it 17ncr. the missi le's cont rol systeu and acc-racy aai :st

* a s u !at meiam sized conbatant Vessel traveii- 3 20

knots perjendicular tc the missile's track over the earth.

7n addition to the standarl attack profile involvinc a

Fopout attack, several other attack profiles were tested

ir.cludin' skil-to-tuln (STT) control laws anJ d tallistic

trajectcry. Miss distances varied from 3.7 feet witheit EC'

or glint to R5 feet with EC!M operating. Susceotibilit' of

the wissile to ECM! blinking varied with the t I nkJn

;u_ n• -..e largest mi.,s distances occurred with
4:ecuenci,-s Leow 0.2 17 arc near .J Hz. 7nalvsis o: tL.

cata shoue1 that errors at the low frequencies were prina-

rily causcd 1y the bank commal loop 3f the autopilot. 7hose

at the higher frequercy were due to the roll rate ccmmand

loo:. Variation of the geometry of the missile's flight

profile ha no significant impact Ipon missile accuracy

exce-t that, without a popup maneuver, the roll rate chanrnel

I ,-morstratel a marked decrease in effectiveness. Variation

o.: t: ".I cr!ot gain in 'he roI.- rate cor.t loc- cn irge

t!,e .e,::enc' a which Thra.iatijn occrr& " act1all,

'.credsed its effects. Skid to turn control laws were teste .
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rO We ver t M.Se misIe W a SI ~nbe tt 1,_ tc: 0 ne~:es3drv

kz -C re C E eed~ed to track a Dass i v tar~et an _,:ze~

* rerratccou-p1in.3 in the fli~ht c-nt:o3s. An atte m~t to

use the altitule command channel to 1-1- a tallist ic -rcfile-

was unsiccessfil due to instalilities creaite! in the cor.t-ro2.

SIstew.. it Is recommEnded! that a popip maneuver he includel

ift the terminal guilance of d BT_ cruise missile and t~i.at

further tests be conducted to determine zhe extent to which

ait-)ilct modficaticns and gamn aidistments can decrease

the EffJectiveness of an ECM blinker ajainst a B5T missile.
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4. INTRODUCTION

A. BACKCROUNTD

Eank-To-Tar (_) control is utilized extensively on

missiles which must cruise f or j ran,ges within tI e atnos-

phere. These missiles utilize a primary lifting surface

(wing) anr.] smaller ccntrollin surfaces as on a conventional

airplane. This method has two prirary advantages. First, the

wing prcvides lift to support the missile's weilht at a

relatively high efficiency thereby permittin'7 longer ran.]es

for a given size engine and fuel load. Second, the lift

vector can be positicned by banking the missile to prcvile

large lateral accelerations resulting in excellent turn

performance. Certain BTT cruise missile configuratioIs,

however, use differential tail for roll conirol as opposed

to ailerons an! suffer from pcor roll rate and acceleration

performance. It is the investigation into the control liffi-

tations cf d ET cruise missile configured this way in the
terminal homing phase which is the subject of this thesis.

H. S7ATE ENT OF THE PROBLEM

In order to provide compact storage of a BIT :issile,

the main wings are usually folded ha:k and designed t- sna?

into pcsition as the missile emerjes from its cannister at

launch. 9ecause of this fcature, it is generally not

feasihle to install rcll control levices at the extremities

of the wings. Poll ccrtrol is normally roviled by iiff:(en-

tial actuation of the tail fins of the missile. Fecause of

their shcrt moment arm and small area and because t,.e main

wingj has a relatively large degree o roll lm-inj,

missiles are lirritel in their ability to roll rapilly.

I



c -Iuse of the .. ei to 1an1 t m i S Ei 0 cr t-

a'i , its lift in tCe r sirt ii:ection t 4.is >er

su:ested that the rE~uirement for ra.i: roll la !euver' 2 n

the tErnirna o.ase ol fiicht w'oild Iii t the .cc uracv c tae

m issE, in 1 -dition, na1urol -- fictiatins :n e sil D:.
of ::.e ra ar .ar-et, -now n as r!nt, i: rti ici l -aL 1.1C -

tions lue to the res,/.ce of electron:.c *olnterasu-es

(FCM' might further legrade the performance of a Et:7

Missile.

C. MISSION SCENARIO

1. Control Confiquration

--he missile simulated in this thesis is a h'rothet-

ical 1tanx to turn cruise missile with limitd, roll cctrol

a,,t-critv. :is desicn incorporates caracteistics ty-ical

of many similar designs. The missile is ecuipped with a

standard rudder for yaw control and stabilators for both

roll and pitch contrcl. Inner loop closures for stabiliza-
tion an" command are included ir. the simulation. Comman

loop closures c, nsist of normal acceleration, bank angle,

and lateral acceleration. Ti,e lateral acceleration comian]

system can .e us 7 as a turn coordinator in t.:e hank-to- ..

-c > (normal) mc :e or as a li *eral I )a factor ,',Y) co.- n

" stei in a skitd-t-turn ei:. O,,ter -Do- closures r.

provide. for altitude and flight path ar le. The auto ilot

control locp esign is presente in detail in C Ref. 1].

2. -ar 4-

T.he target is assumel to te a surface comtant sri in

located initially 24,C00 feet due North from the missile in-.

moving ast it a c-onstant ste--s of 20 Knots. -t is aSS'IT..±

.. . ... .-'k~r racks . ai oint r e '

a m r)o rnt iS locdtk_ romin.ia _ 10 fet= ab-ve h<.. .. 1 - -

14
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watc r lin e an.d a P.shi-s. tis a I iInt con. inja Ii'; so.L ts

a 3 f uncticn o iC i "fnKing an a r n 1o glint si nU1a in.

2. _CM 11 im, !a t ier

-he EC1 blinker sim ilation saifts the radar tarfet

seen hv the missile's seeker forward an! aft froM the true

target aim point by ±75 feet alcng the ships lon ditulinal

axis at a specified f;reuencv. The aim point is six.ltane-

cisly shifted vertically ±10 feet at the same frecuencv.

4. Attack Profiles

--he attack profile used as a baseline for this simu-

lation began at 50 feet of altitude at a speed of Mach ).75.

TYe missile tracked toward the tarjet ising Frorortional

navication in azimuth an! altitude hold at 50 feet. At a

range of 180CI feet the missile rolled to 60 Jegrees of ban'

and turned away from the target to the right until the

target line of sight was offset by 10 degrees. 'qhen the

offset was reached, the missile climbed to an altitule of

approximately 250 feet and then dove toward the target ising

proportional navigaticn in both azimuth and elevation. This

missicn Frofile is often referred to as a ropout attack.

Variations of this mission included eliminatinc the

10 dEgree offset turn and/or the climb to altitude anI

s'ibstituting skid-to-turn control laws for some phase of the

mission. A tallistic altitude profile was also attemptel.

C. EXISTING WORK

in order to exaaine the existence of si,:h prohlerns an!

to tcst several roposed soluitions, a six decree of froedoM

sizulaticn of a typical ETT cruise missile was producel b-,

!CDR Kent Watterson and published in 'Ref. 1]. This simula-

tion wa- prodiced using the 72M Continuous !vster odellinc

15
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o ro:a (C!7P : ) siul.tio: an a,. :. d aiA - i

tio n of tI is lan ,i d an"! its co:.3tr~ict ins i.;S 1 reSet i-

ref. 21 an,: [Ref. 3. he. smuiation inci'le,. :na mics,

a toi11 t iilaea,-,, .i ao ron j ofi1Ps. 7t did not rc-re-
S~n ar. IS[ ci _ic miszi!, tut, ratherv , i-',.c ue cha-actc----

t::s ',ical O: Missi e on-, -re] 1.n tis Aay v _ -et

to overcoMe limitaticns _;pose] upon the simulation -rc,7ran

hv the availalle comuter irstallation, this CSMF prcgram

w is rewritten in extEndel FORTRAN H. This allowed .grEater

flexihilitv and full utilization of the DiF3PLA grar ics

programming package available at N?S. A coi'plete copy of t-e

program listing is presented in ,kppenlix D.

F. SCCPE OF TEST!

.Chc tt:sts conducted with the revised simulation croram

were limited to exarining the effects of EC" blinking and

Slint upcn the missilE's control system and accuracy against

a simulated medium sized combatant vessel traveling at 2)

knots perpendicular to the missile's track over the earth.

Alternate attack profiles using modifiel flight gecretrV

and, in some cases, skid-to-turn control laws were also

tes ed. A listing of the different flight profiles exarinel

is presented in table T.

For all flighlt tests of t.-e missile, certain pa-ametErs

were held constant. A list of these values is presented in

table iI.

16
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TABLE I

Missile Attack Profile Test Configurations

- -

I ":A ? L I ":- I I( 0.51 w-:
IX I 0.5 73-7-

I0.5 37--
0 1

IV I x 0.7 I .:
v x 0.5 S-

4TI I 0.5 1 *

*0 degree Lank on ballistic terminal trajectcrv

TABLE Ii
Simulation Variables Held Constant

Variable Name Value

F adar Surn-7hrough Pange 500 ft
EC19 Blinker Shifts:

Longitudinal _ 75 ft
Lateral _ 03 ft
Vertical ± 10 ft

Baseline guidance scheme:
Offset In ec
Popup Altitude 100 ft
Popup Fange 13003 ft

Roll rate limit 7¢ Ins

L

17



II. PROGRAM DESCRIPTION

A. !NTEGRATTON GF TE_ EQUATICNS CF MOTICIN

:his s~ialation uses the lirnar, _X derE f-

* uaticrs of flight ]eveloped by Poskan in [Ref. 5:vo! I ]

and modified by Hewett in [Ref. 4]. :he CSM. program I dvel-

ope-i ty Fatterson (Ref. 1] used A variahle step 2unc,- vutt

irtegration method. 7he vORTAN translation proiram usen a

:-- - AL E (vOT..(Y O T) : Y + (Y'Cl)*DT (ecn n .1I

simple Eulerian integration which is gi;e, by ec aticr 2.1.

0Lo incremental time clement, D., is fixed at 0.01 secons

and the integration Feriod lasts for less than 30 seconds.

B. PROGEAfl NOMENCLATUVE

A det ailed description of the nomenclature isei

throughout the simulatior program is presented in A endix

C. The variable namEs usel in the FORTRAN translation are,

with few exceptions, the same as those used in thE the CSY?

sirmulaticn.

C. AXIS SYSTEM

The simulation uses a right handed earth reference frame

where the x-axis points "orth, the v-axis points vast an.

the z-axis points dcwn. However, altitue ani vertical

velocity are always jiven as positive upwards (i.e.

ALT- -2). Foc liottin; the g-ographicil tracy ir

c ,tput rr-itine the axes are t ransformpi so h -

X,Y,and Z axes point East, North and upward, resec iv .

01



D. F OG1PA."F' ARCHITECTUFE

The T?-7AN simulatior. jrora. CM.s:sts )f an c.c'.tivc

prograr ' ich calls sever ajo: sicrc atines u:ich ar

hriefl- .Iescrihed as follows.

1. cxecutive Procram

The main calling program is short an2 handles onl.y

three tasks. it increments the --:ME variable for each in.e-

gration cycle. it calls the output data storage routine,

4 ...PAF, at the specified output interval and it contrc is the

executior of multiple flights within a single Frooram L in

clanginj onc or more key variables between the runs.

2. Subroutine INIT

This subroutine contains a small section of execu-

table statements which resets variables to their initial

value when more than one flight is flowi. during a prcgrar

run. Inclued with this sibroitine is the ELOCK DATA sulrou-

tine which rust he used to initialize all variables in na,.e,

common areas. The majority of the BLOCK DA'A subFrogram is

taken up with arrays listed in table form wkich contain the

aerodynamic coefficiert data for the missile. Static coe-

ficients which are functions cf one variale are shown in

figures A.2 through A.9 Static coefficients dhich are fuinc-

tions of two parameters are presented in figures 1..10

through A. 1? Dynamic coefficients are assumel to be constant

and are not presented graphically.

2. Subroutine ISSN

This suLroutire dictates the mission profile. It is

divided into sections which activate in sequence as the

missicn [rocresses. each section takes the flijht d-namics

eata for the missile, compares it wit!. the tarjet



ac:isi o 71 S 1 ata (Cgnerated in s 1 rot in -:N714 ) Aan .

o Lt uts v,-rtica! an,1 hcrizortal acceli-r tio: Z. n ,.s i- -i .,

-rarhic carth reference frame. T-ese in tarn are trarLs-

lite: itc co m.aanded ban: ancle and r.rmal !,al. factor os

t.e :ciSSle accorin- to e-uations 2.2 ir.1 2.3. A i ai

PHIC = AECTAN (AYC/AZC) (ecn 2. )

I :ZC -os (PHi) + AYC sin(PHI) (ec. 2.3)

of these vectors is given in figure A. 1. Different ter:inal.

attack proflles are implemente4 asiny variations of tnis

sIbroutine, .11SS 1 and 'TSS N2, which are presented in

A dce T and

4. Subroutine A.77LC-

--his subroutine takes the commanded norr.al oaI

fictcr an! bank angle and applies them to the missile

ait'opilot system. A detailed discriptior. of the desi'r. Of

the missile's autopilct is presented in reference [Pef. 1].

T>:e output of the ccntrol system is delivered in terms of

convertional airplane elevator, aileron and rudder control

o sions. -ese are z. -ed to c tain the c::,an ed rissiie

fir. kcsirions. The contr:o limits ): ±15 deg:eos are -a i:e,

to the fins and these controls are ther. unmixel to obtain

te limited conventicnal contrcl positions. The ynamics of

the servc actuators that move the tail surfaces are wodelled

as a first order real pole. Although CS'M-III ro vies

macros that perform the simulation of many tynes of trarsfer

functions within the control system only the first order

real -ole transfer function was necessary for this Fr-0rar.

:t is moklel in t-E FOTTAN translatioa 15ij, sc'-0oIt_,.9

eALE , esente in the rrograM 1-stinj in "n n hiz x.
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5,1 routr.e A- I
Subroutine A-'C uses two tatle loor'. ro.tin s t D

ri-trieve the aerodvnamic coefficient3 fron the lata

Fresented in figures A. 2 throujh A. 19 Linear jnter rcai 4 )n.

are used to obtain values between given -'arameters. rror

messaces are printed when the in..it paraneters are -utsd

the cunds of the data in the iookip table an! thes-e are

s'iporessEd after about 5 successiva integration cycles. A.O

completes the buildup process, uses these ata to cc-'lute

the fcrces ani -oments on the aircraft and then integrates

the equations of motion to update all of t .e aircraft's

fliht parameters and position information.

6. Subroutine T=TNAV

--he TGTNAV subroutine navigates the target vessel on

a course of East at a steady speel of 20 knots. it shifts

the position of the radar target relative to its real posi-

tion accordina to the FC! and GLI] paral-ters. h e 1

offset is nroduced by multiplying the GLINT shift in eacr.

axis by a random number between -1 and 1. Th-e '3LINY offset

is calculated every cutput interval rather than 100 timnes

per second. The ECM offset is switched according to the sign

of a sine wave which runs at the EC' blinking frequency,

FFEQ. These offsets are then added to the actual target

positicn to produce the radar target position. Line of si ht

angles and rates are calculated from this information with

the assumption that the seeker has perfect pointin:

capaI ilitv.

7. Subroutine PF PAB

At intervals specified by the output counter, this

subroutine is called and stores up to 29 variaLlEs in a

liare array call P7S. Tho output interval use] tor all t'-sts

• .'.S



W en F 1 , ti - .a t Z. r neC. LS : ,l, i-E 1 Sj

c nrt Z cu 11t vd id..C r fo r a

e na' attack are, calculates fouIr r-.rro f ..ciD.

C.-ee crcr I c t..-s 7±e~~ a'1:; diir _o.n Lcz

conan .: ' vat>b 1 -c F I K -r ,L, c X-! u- :. ±-

actial ccun'teZparts. These are -atez use, o a.';c t

performance of the ccr.trol system under varioas conr.tc.

C. Subroutine 0 U'.PUY

CUTPUT produces 3 forms of output inf-rnation. iC

Prim ary 2ata output lists the value of uSDs: (the distance

at which the missile passed the target at its cIcs;.s.

approac-.) , the value of the error functions at the r2.

the mission, and the ran'ges of all the va zie stCre

These dota are also printed to ar.ot1er fiIe :ollowed b- the

full contents of the PS array in tabular form. This ives a

numerical history of all the output variables from the star

to the finis:[, of the mission. (Normally, to save disk sace,

this file was routed to a dummy variable. It was needed only

wlen etailed data histories of a portion of the mission

were requirel.)

CUTP77 a so calls the necessa:7y 7,SSPLA routinc57

Fri: graph:= of the c itplt variatles. The inepen r.t va i-

dLLe icn six ;raj'K.s is TIL!1. in the seventh jrazh the -osi-

tions of tLke missile and the target ship are rlotte] in

three dimensional space for each outpit interval. Each of

t! e graphs in this sutroutine are controlled by the se+tin;

of 7 flags in the first column of the data statement at the

Le,,innir o- t.e routine (0 to pass over and 1 to !ct)

22 ,0''.
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III. BASELINF A-TACK CO 'I.GEJATICN

A. AUTCFILCT ROLL RATE COMMAND LOOP ADJUST.IENT

._itial testing of the sim-ilation was conffucted D n o E

CF,P version of the program. The fre:uenc of the 

hiinker was varied from 0.2 Rz to a maxium of 2.0 r:an:

tiie roll performance of the .issile was gra L e. i,-urC

A. 1? shows the commanded roll rate arc. act',al rol rate

Flotted against time for the duration of a thirt-v srccn

flight straight toward the target at a constant altitul- o

50 feet. The target's radar position was blinked at a rate

of O.A Hz and roll rate command was limited to 75 dEcres

per sec. in the figure, the command oscillafiors incrEase1

in magnitude as the target range decreased and, after )4

seconds, the autcpilct commanded the maximum rate with cver'

shift cf the target's apparent position. while the ccmoa..ae'

roll rate remained at 75 degrees per second, the actual rol.

rate never exceeded 35 degrees ner second. Fig-ure .,

which plots the fin Ecsitions as a finction of time, : .";-

that the fin servos never used more tnan 3 deiree- (of th-

maxinum 15) of travel in either direction. Tj re.tv this

prohlem, the missile autopilot roll rate comand loop :PIT

P(:'RPLF in the program) was increased fron 0.1 to 0.'-. Th

value of- this ,7ain had bern set ty ' atterson rFef. 1] '.s S
toot locis based upcn the per turbati:)n e.-uatior.s of ro ion

[Ref. 4] in steady state level flight. Figures I. n

A.22 show the results of a subsecuent run with t h revise

guilancE loop. Steady state error i% roll rate was signifi- S
cantiv reluced and the full ranoe of availahl f1ZY..

controls (±15 dej.) was used. This liffereroe in tht i lo-

jilot was incorporated into the nasire r rogr I - n

romair e througLout all subsequient tests.

23
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E. EAS %-IIN7 ?PO1RAll

a3:~t wic> to c, * x ar he 'f f ct Z:T1iI~

a Tt cf6--t uLn - S Z ~o e:i1 or :e CU? W _j

Suste as a Ftandard for comnariso... t na ramiet er E

dP:c17 tO th-Ls LaselirE a-re listed3 in tatle !1. 1 rT S 7

through A. 2'7' are a ccrpltete recor I e the base 1 ni ~r ra

run 'wtotany EC.I cr ]Iin~t Of fsets --I ie t) +'"C tar ;Et .

TjjurEs A.29 through A.3) are a coojilete fEC7Dr_ Of t~

line ro~rar run. with ther EC' _nirer o!jeratin at 2.2 '

a;, t hc cglit f~tiir c oporati. 'he coa. pip, o tL 11a -1t:

citput f iorn thi Iat t,r- zu i.- Dves-rfted in Ar. -)L -:x

0
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4 IV. FRE29.fNCY SCAN -ESTS

A. EFROF FU-NCTIONS

Fcr te!Etirn~ the effects of ;i-t a:- 1 ECO. at v1a:C u 0

1l kr.' ri fr ze u en c ies a ca in st th e control -s vs r E:-1 ):7 1

m is - 1ilt, a ;iuant-itative measure of t-.e svstc._-7

n"&S's Was, nree 1. 7oUr error functions were_: ev 1ce C c

u tb:i 1tose. -he t i me w ei3h t E 1 iffcrenoe- -tw(_on

crn a r. va Iu e arnd t he act'u~l valule of a v aia Ll W I.

com:)utel accordin:i to e(uation 4. 1 This tim wietd ro

WdS sumn4* i over all cf the tiuae intervals and ii v'Lde th

E" F A7* 1BS ( C0 ! A~J V VA '-I A B E (ecn .1

t o ta Iti_'Me t o producE the error L-unctior. for the7 variaL1c

--he variables for which these functions- were computc] ar(e

TABLE III

Errcr Function Variables

V PTAPL- COYIMAND 7ARIA7PLT

1 . BA3K B.1N W
2. FOLL FATS F,,-) -
3. AZ~UhLOS F~.T:
4 . _FL V ATI C 1 LO S BAE 0.3

ji*Stedj -a .le 17 . t he t e r linal Was Lhr re -r or -

t io na1 3 ui "ance is used in oth the azimuth- an I Oe va 7io0

ch in r.E :E, t:.e commarThd- azimith and elevatio)n a n'7e rte-S,

are zero, to prodc c a cons tan- LEdr in.- int trc*A-t.



B. ECM EHASING

At lcw freuenc; blinkin rates, the -'h-se o: t 7- TC"
blinker at the start c-f the nission had a very iar e EffEC

on the :iss distance. To minimize the listortion e _ t

die to :s ..... ffEc , a : a-se var able as a]> ..

g-,nerat r to changCe tie phase cf the blinker it the sa -7

each run. Four runs -ere cor.ducted at each fre ;'lenc, usn

values of 0.0, P1/2, ;7, (3/2) P: for the phase variable. The

data for each frequency were avera-ed to Jet rean va'ues for

the miss distance and each error function.

C. BASELINE TEST RESULTS

. -C Frecuencv Scans

F our si mula tEd f1 _gts were conduict ed at ach,

frequency from 0.0 tc 3) Hz. Glint was disatled for the

course of these tests. The attack profile flown was the

baseline popolt attack mission. A graph of the nean value of
the miss distance (.IS.ST) versus frequency is presented in

figure A.36 The data show that maximum iiss distance occur:s

in the very low frequency range of the the order of J.? Hz

ard again to a lesser degree in the vicinity cf C-

ri;'res 4 ) -ind A .4 are nlots C -_ e-or f'nctiC .e r

a-a-inst frequency for the autoilot co"mand Er: ors an t" e
trackirnj errors respEctively. These lata show thdt the hank

angle commar,] loop is susceptible to E C freIuercies cf the

order of 0.2 Hz while the roll rate commani loop is

prinariy responsiblE for the errors that occ'ir at th'

hig'ier frequencies in the ranie of to 10 Hz. Figure \.4

also demonstrates that the time averajed trac kin error?

follow t'e ame basic pattern.

Sig/re- A.48 throiTh A.53 d. , nstra ,  ,-.

in flight. -iqures A. 3-P an 1 . 1 s- o ww the L .i i i. L, 1:. 1,

26
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roll ratE ,erfor.iancE of the wse.-.c2 nzssiie .i.c~t -C: .

-ot' vaziales track closelv to their cc.:a., *.vales wth 4

the exception o: a siail, stead. stalte Prror ir. the rat.?

channel which is most evident at large commandea rt s.

.igures A.4c and A.50 show the effects of ZC" at *.4 inA. f

F7 upon the hank channel. In figure A.4'3 si ::ificant errors

exist in hank as the system cannot keep ip with t. lar e,

su. 2en changes in cormanled bank caused ty the -C:. s', ift o-

the target. -he bracket in figure A.U9 is drawn betweer two

corresponding points to emphasize the large lag present in

the channel. Roil rate tracks close to its cor andei :evel

at this frecuencv.

At 6.0 Hz, figures A.52 and A.53 slow the crjcsite

effect. In figure A.53 the bracket emphasizes the large !a]

that exists in the aircraft roll response to the raid

changes in rate command. The bank command loop at this

freguency has effectively filtered out most of the hi h

frequency input.

The results cf the freg'iency scan tests showel that

the laseline BTT cruise missile simulated by the prograT was

more susceptible tc ECM fre-uencies in the vicinity o4 C.'

and 6.0 "z due to the excitation Df the Lank and rcll ratc

command loops respectively. If distances greater than ?. ft

from the center of the target are considered likely misss,

then the excitation of the roll rate comman-] loop did -of

produc r enough error to cause a likely miss. The est

results, from the target's point of view, will be obtairp;:

with low blinking frequencies in the vicinity of 1.2 U..

-. Iffects of Glint

ir order to isolate the effects of glint, the tasElIn,

configuratior. was flown without ECI or glint and ajain with

glint only. Figure A. 33 shows a trace of the r-nlo:- dint
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-is7 ac- aet aF: lie t the targett Is nosition as a irct
of ti je. Figures A.23 throulh A. 23, whic. trace t.

missile's lca, factor, tank angle, roll rate an:] ll- =

contrclS without glint, may be compare! witr. :i:ures :

t:,rou A. w H ch s' cw t e simd traces f:- th. :i5j- -

--he miss distance recorded without z-ir.t arc an iC '

Fi-ase of 0 was 3.7 feet. The distance measure wit clint

was 0.4 feet. Although these distances are very snall

compared with the miss distances achieved with t h th-

degradation ir.duced by glint was large (1 5' perccnt)

compared to the best obtainable value. Ways of minimizin3

t~e effect of rando. perturbations in the target position

due to radar glint will make a significant inurcvErEnt

the missi' s accuracy in the absence of EC'-1 ar- sh4 u b

developed.

Since the miss distances withoit ECI and glint were

very smal compared to those obtained with very slow

4 linkin i fre-uencies (0.0c to 1.2 Hz), furthesr tests sloull

he run concentrating on ECMi in the very low freguency range.

These tests should obtain a much larger sample of EC' Fhases

in order to hest define the shape of the miss distance curve

helou cK ..

D. AITBFINAT'E CONFIGUEATION FREQUENCY SCAN RESULTS

1. Yission Profile

Sixilar frequency scan profiles were flown usinc thr

'U I. 1(Appendix E) subroutine to genterate the oui lance

cormandC for configurations 17,1ii and IV. These attack

profiles committel the offset turn ani proceeled straight

to Ird thk tar,: -t ,isi ij Iroor D-nal I avi 3ation i- a : t

f f sr'- -o fnisr. -he Topuli maneiver was co':e.cA '

1 fDC ftet fro' the targe(. f LIn ces from toOJ , .

.



feete hI C w er e test~ E t~e r&:-u

consis+. n t 1hits with a 2')' f--ct '_op)u? l : - .. .n

sibsEcuent tests of these missile attark cknfa''ratic' .

IS CC :t. popup rance and a '2P ft. altitu1e coT.an

the manEuver was perfcrmei.

A alaorithm was added to the baseline roycrtio-al

guilance scheme for the terminal pLase which ensured that

the missile rolled to place the noarest of the positive c:

negative 7-axis vectcrs on the direction commanded b' the

guidance system. This ernsured that the aissile wou ld ccm:ar.

negative loal factor rather than trying to roll the missile

UESi(:E down as it reached the apex of its clirb. Azi-zithal

accelerations commanded by the guidance were still achieve.

by banking the missi!E except for confiJuratin V.

. complete set of mission profile graphs for conflo-

uraticns iI, _-, and IV against a target with glint ana --C

blinking at 0.2 Hz are presented in figures A.52 through

A. c

2. Frecuencv Scan Fesults

a. Miss Distances

Each configuration was flown against the taryet

four tines per test freguency. The tests covered a range of

Liinker freruencies from 0.05 throliah 30.0 Hz. -he n.ean miss

distances recorded are graphically presented as a function

of freduency in figures A.37 throujh A.39 The results

obtained were very sililar to those ottained from tL Yise-

line configuration. There were two areas of higher t.an

normal e -rors, one at low frequency below 0.2 Hz and inother

at a higher frejuency r.ear 6.0 Hz. Table I'r compares the

miss distances for each of the configurations.

-he maximum values that occurred for :il config-

urations appeared at the same fre .uencies with one

*

21



6a

TABLE 17

Maximum Iiss Distances

CCNT-gUFA:,? C :; 77"7(H}( FV ;- ] O ' (- ; "A I " -: E
I T

_*.S L IE I 0 2 - A2>. j -.) 2 j '" a5
cN:J:TNI I 6.00 2

K I

C.05 - 21.0 _ 0.05 > 75
6.03 j17

0.10 - 33. 3 ) 75 .5 .30 1 9
Iv 3 .10 - 30.3 , _ J.10 I _ 75

TV N/A " '/A

exc-Etior: changin the rol I a te -mi? . ." j. f

eliminatid t?e maximum at the higher frec-encv. :n litic-,

the magnitude of the errors did not differ significantly.

(The baseline shows a smaller magnitule because the Iafa 2.,

not extend Lelow 0.2 Hz.while the other confiauratics wcr'-

tested !own to 0.1 and 0.05 Hz). Chanjing the ittack ecm-

etrv cf the missile did rot significantly alter its sisce:-

tibility to FC.M jamming within the scope of these t~sts.

Alter inq the gain of the roll rate cDmian channel in th

m e a ,topilot significantly dzcreased it- susce iili'

to -C- blinking at hig her frec> encies. Firther testn,

should 'E conducted to determine the extent to which a-ito-

pilot modifications and gain adjIstments can lpcrease th7

effectiveness of an ECM blinker against a bank to turn

l. Autopilot Errors

'icures A0l through A.43 graphicallv pre

t'e err-' func -on for oth t.e Lanht an;ie ar :cI l ral--

comma nd loops withi r the a-it or.ot . X ese f-rct '.on .art

represerntative of the atilif', of the missile t- follow th,,

30



cc:.a.s given. it Yv the autoilot (the ct i t c

t:.e corer t.e perforTmance) . ,s with the !asel . ... .....

tion these figures demonstrate that the -ank a.n ro'

contriluted most to the errors at low frequency and the :zll

rate loc contributed most at the hi~ner =reuencv. -_tle V

TABLE V
Autopilot Errors

PANK BEi-.CR I RAT E .RO

IcN1:3UREATION I CQ .1 I IAGNI-j FREC .1 'IAGNT-1
(HZ) TUDE 1 (HZ) I -JD_"

BASELINE 0 . 4 0.22 17.0 0.19

i!1 0.6 0. 17 8.0 I 6.18

II .5 .18 8.0 '.27

SI I
--- -I 0 0.21 -0.37II I ,I'

is a summary7 of these graphs.

rNagnitude of the bank error function andr the

-re uenc", at wlich it occurred were not significantlv

altered in an,, one of the tested configurations. Changing

the geometry of the attack had no effect on the frequency at

hhich ECM! was most Effective against the roll rate control

s'stem, however the fagnitude of the errors were incre~ael

b" aF-proximately 50 percent when tile popup maneuver was

ellminatel (configuration III).

Decreasing the roll rate autopilot jain froT 0.

to 0.1 (confijurition !V) moved the resonant fre-uency for

t e roll rate command system to i lower frecuercy Lut

31

. .-



;i.crease1 t: e magnitude 3f the errors zv more t,.an 1

rercert. This effect is reflected in th: miss ,istanc-

gra pls (figures . 36 through . .3c, in tne disappearanc olf

the distin<ct m axi um at & HZ ard a widenir of the lower

MIXinT f I ( re 391 A Itering° the auto.l r ga? n s

effective at mov I Jn the rescnart =re=-,=..,,y r - t

rejion hut could not eliminate its effect.

c. Tracking System Errors

Errors in the tracking loops are charted in

figures A. 144 through A. 47. These errors follow t,.e trenlzs

of the autopilot and miss distance errors. At the iowe-

freluencies, azimuth ncrformance was dominant whil: at

Lig.er frecuencies the eleva+io tracking loo? experience

t lar est degra"aticn.

3. Ski! To Turn Guidance Fesults

7he MISS'1 suhroutine was further modified to allo:,

the lateral load factor command variable, .N YC, to be set

according to guidance commands rather than being kept at

zero for turn coordination purposes. The commande4 hank

angle was set to zero in the terminal phase ir crier to

xamine the effe tive-ess of lat-E-ai comar.I. NG chares

to the basic d -a mics i of the ait o'il !Dt were . ace .

missile was flown in this confijuration against a passive

tarqet. Figures A. 76 through A.81 present the full dati set

from this test. The missile splashed into the water 99 fce +

left an] short of the tarcet. Cncu the missile came within 5

seconds cf impact, cross coupling between the rudder chai.nel

and normal load factor, roll rate and bank can be seen in

tIe fi ires. Althoujh the rudder commans were never situ-

rated, neither could the lateral ic3l factor cntro -

create cnouci si:eforce to follow the sh _ p's lateral :7.ft

to the ricght. The addition of ECM and/or ]lint would hIve
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only worsened the perfor ance of ' tne missile in t i ... c..i

u;at ior.. o further tests of this confi uration j ura
conducte. The use of skid-to-turn control la's cc i not

produce sufficient sideforce to ale-uately :oow a folEo

crossing target and iroduced excessive couilin.7 into the

ongituirnal and lateral flight controls of the nissile.

4. Eallistic Tralectorv

Fec- se the xajority of the ap::arent tarce, shift

with ECI 1iinking occurs in tLe horizontal plane, an attempt

was made to place the missile on a ballistic trajectory an'

then roll the aircraft to 90 degrees angle of bank until

impact using the primary load factor to follow the ECI

target and lateral load factor to maintain the tallistic

trajEctory. Tn order to fly the ballistic trajectory, the

altitude hold system was driven by a commanded altitude

slaved to a parabolic trajectory derived from the missile's

vertical sDeel and rarge to the target according to equation

ALT = HI!EC7RANGE/VF + (+/2)*(EA:1G/7W)2 + 10 (e,jr. '4.2)

4.2. where HPDO,,,VH and V_ are the vertical, hoLizontal

and total speeds of the missile. :he controlling suiroutine

used for this mission was MISSN2 and is presented in

Apendix F.

Figures A.82 through .95 show that the adlition of

tLe divniffics of the altitude command loop made the missil'.

cor. rol system unstable. Cscillations to the limits

ccc'Irre ir, normal load factor AnI in roll rate.
Ccnsiderab!L cross coupling occurred between the lateral-

e irect ional and longitudinal dynamics of the missile. The

attempt to fly a ballistic tLajectory' 1sin:, the exiStino

altitudk. cor.trol system was unsuccessful. in order tc fjy

the attempto", profi L, aI ma Cor re lesi Jr. o t he miss-< c

a*iftoilot would be necess ry.
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r V. CONCIUSIINS

he c:_ nc ,iSion s :I s-tc- d t&Iow 'weze dt:-ive~f.c '>,Dm

a±seC-Ire 0-20'-- at tac C zofj E c jni 7ura aion., t. *Eva

tions off the baseline attack, a skid-to-tarn con ttCl :Onfi 7-

uraticr. and a ballistic altitude trajeoct-:v.

A. EASELINE CONFIGURATION TESTS

At 1cw frequency blinking rates, the Ph.ase of

1ilAer had a very large effect on the miss iistanCc-.

...-E host o~ainatle jerformnce orthe biseline ioro

* wlt!hC'.t EcY! a:., glint was a m.uss distaice of 3* 2

allition of GLIN7 prcdacel i mIss distance of97 leet, a

dogradatior. of 154~ pecrcent.

7 he La nk ang le cc zma I lo all the -missile autr,-ilot in

athe lase_'ine con~figuration was esizcially susceptiLble to 7-C*-
freiuEncies of the crder of ) .2 Hz whilie the roll rate

conaar.3 loof was prim~arily affected at tht-e higher freoiuzon-

cies in ftc. range of 5 to 10 Hz. 7-he ti7e avera 3ed ta~r

* ~Err -s a-3 followp! the same hasiz ttrn

I:staroes greater than -0 fz roz th e c :,n t co :h

aage re cornsilerel likely misses, t Ir. th' e eXC i tato or-IC

ftc rcl'L rate com-and loop lid not produce enough Eror t.-

*cause a likely miss. The best results, from~ te tar3get's

point of view, will he ob ta in e - w ith l 1ow bl 1inrki ng f rE u En -

cies in the vicirnit-i cf 0.2 Hz.

* B. AITEFNATE ATTACK FoFILE CCNFIGtJPATTCNS

r tr "S 0- E e L've3g I5 m I. st_>: 'S LI ~S X

chan~ig ~ figh g-omryof thut- _i~ f ot crgr3-1'j

S3



cant' 1 t: Its S'i SC 21. ihi'D t~ TC' ann Mir h-

scope of thr-se tg-sts.

tthe Las*elir- missile auto:iilot si~rnjfica:.tlv E *c r as t:

sisce t 41,ility t _o F i n k ir. k a t IIi her f re 'ic nc i c.
Chancin.2 the geoietry of the acttaCY had no, effect jr. th.p

Magritule Of the bark error fun~ction anA the f r e 3 n at

wfrich its maximui occurrel.

Changinc7 the roll rate cain frfom .5 1_o h. ha r,

noticeable affect on the magnitude off the tbank error- f ic-

4tion andl the fre.]uenc-; at which its maxrimu.' oocu r-elI_

C hadn i n, the geoimEtry of the attack'% h~ad no-- tzffect o7. th'

fre-uency at w h ich FC ! was most. ef fect ive ag-ainst th-E rol!

rate ccntrol system, however the magnitude of the errors

worE increased! by a pproximately 50 pe rcent when t Inc -o-up 7

maneu;ciz waE elimiinated (configuration Il).

)ECr-Ea S4n3 the roll rate autopilot ga in fro m 0. 5 t c 1

(conf igiiratior, !V) moved the resonant r-re-:uency for the rcoll

4rate ccrnmar syste-m tc a lower frequen~cy but increase& t S

Ira j- . t U E of the errors by more than 100 percent. -his

E ffect was rpflectel in the miss distance data tv the- li a -

pear:ance of the distinct maximum at 6 HZ and d Willerinj Of

4the 7cwer naximu7.. Altering t-he autopilot gain %,as c-ffcctive

at movir,,g tie resondnt frec uencv to a diffe rent regjion tutt

co'ilc' not eliminate it-s effect andJ, in this3 case cnlar-e'.

-r r rs in the azimuth and elIevat i on t ra c kin 1 CopS

closeD- , fo Ilo we I t 1.e trenls of t he a 1t o LiIo t ar r. mSc

r ds t a nce crrors. A t the lower Ceu encies, azimt-1-h :--r f rm-
ance wac- - oninlnt While at higher fe:ec~th ha o

track' irnglo exleri-Lce2 the largest degIrada ~ilon.



UI

C. SFID TO TURN CONTEOL

-he use of skid-tc-turn ccntrol lws coal! not yro>ac-

siffirient aileforce to aieqatpli" follow a passive czyssin 7

tar E * and [:ocel excessive coupliny into the lonqIjti inal

an! :A- ral flight ccrtrols of the H301,

D. BALLISTIC ATTACK EROFILE

The attempt to fly a Lallistic trajectory usinj the

existing altitude control system was unsuccessful. :n crder

to fly the attemptE! profile, a major redesign cf the

missile's autopilot uculd be necessary.

a
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VI. RECOM3ENDATIONS

.avs of nininizinl the effect of ranon rrturbatiors i-.

the target position due tj radar ilint will -.akE a si :-

cant improvement in the missile's acciracy in the atserc- o:

ECM and should be developed.

'urther t-estin sIou_ le conducted to eterine m t..

extent to which autopilot modifications and 3ain aijust.rtc

can decreask- the effectivenezs of an 3C. blinker against i

Lank to turn missile.

Since t.-e elimination of a TopuD increased roll rat

errors Ly 50 percent, a popuF profile is recommended fC th

terminal phase of a BTT cruise missile. Furt er tet ki

should Le conducted to determine the effects of !iffqr:t

popup profiles on the suscet tibility of the roll zat-

command system to ECM blirking.

Since the miss distances without FC.i an! clint wer -

very small compared to those with very slow Lli
frecu E ncies (0.05 to 0.2 Hz) , further tests should e r-

conckntrdtirg on ECM in the very low :reiuencv ran-e. .se

tests should obtain a much larger sample of -7m phasEs in

crIer to best define the shape of the miss listance curve

Lelow 0.2 Z.
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( APPENDIX A

PIGUPES

I I4

Figure A.1 Load Factor Commands.
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Figure A.32 BasEline with GLINT & FCM1 Controls.
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MISS DISTANCES
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MISS DISTNCES
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* Figure A.37 Mean Miss Distances - Configuration II.
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Figure A.39 Mean Miss Distances - Configuration IV.
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Figure A. 4l Autopilot Errors -Configuration II.
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Figu re A.42 Autcpilot Errors -configuration III.
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Figure A.L45 Tracking Errors -Configuration !I.
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Figure A.46 Tracking Errors -configuration IIT.
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